Sleep and pain are reciprocally related, but the precise mechanisms underlying this relationship are poorly understood. This study used a rat model of surgical pain to examine the effect of previous sleep loss on postoperative pain and tested the hypothesis that preoptic adenosinergic mechanisms regulate sleeppain interactions. Relative to ad libitum sleep, 6 hours of total sleep deprivation prior to a surgical incision significantly enhanced postoperative mechanical hypersensitivity in the affected paw and prolonged the time to recovery from surgery. There were no sex-specific differences in these measures. There were also no changes in adrenocorticotropic hormone and corticosterone levels after sleep deprivation, suggesting that this effect was not mediated by the stress associated with the sleep perturbation. Systemic administration of the nonselective adenosine receptor antagonist caffeine at the onset of sleep deprivation prevented the sleep deprivation-induced increase in postoperative hypersensitivity. Microinjection of the adenosine A 2A receptor antagonist ZM 241385 into the median preoptic nucleus (MnPO) blocked the increase in surgical pain levels and duration caused by prior sleep deprivation and eliminated the thermal hyperalgesia induced by sleep deprivation in a group of nonoperated (i.e., without surgical incision) rats. These data show that even a brief sleep disturbance prior to surgery worsens postoperative pain and are consistent with our hypothesis that adenosine A 2A receptors in the MnPO contribute to regulate these sleeppain interactions.
INTRODUCTION
Despite important advances in the understanding of pain neurobiology and in the treatment of acute pain, postoperative pain management remains a clinical challenge in up to one third of surgical patients. 1 Acute postoperative pain is followed by chronic pain in 10-50% of patients, being severe in up to 10% of these patients. 2, 3 A wealth of studies identified several sociodemographic, clinical, psychological, and biological factors that predict or contribute to the development of chronic postoperative pain. [3] [4] [5] [6] [7] [8] [9] [10] Among these factors, pre-and postoperative sleep disturbances strongly predict the onset of long-term postoperative and trauma-related pain. 4, [11] [12] [13] [14] Epidemiological data show that, in the United States, about 70 million adults are affected by a diagnosed sleep disorder, 15 and 30% of working individuals reported a significant reduction in sleep duration. 16 Furthermore, sleep disruption is also a ubiquitous problem in virtually all clinical settings. [17] [18] [19] [20] Congruent with human data, 14, 21 several lines of preclinical evidence support the notion that previous sleep disruption worsens pain and can increase the vulnerability for that pain to persist. 9, 22, 23 However, the mechanisms underlying the relationship between insufficient sleep and pain remain incompletely understood. The present study used a rat model of surgical pain 24 to examine for the first time whether brief, total sleep deprivation immediately prior to surgery worsens postoperative pain and prolongs recovery time (group 1 experiments). Measures of corticosterone and adrenocorticotropic hormone (ACTH) were used to assess the relationship between sleep loss, stress response, and postoperative pain.
Adenosine is an endogenous sleep-promoting neuromodulator that mediates sleepiness generated by prolonged wakefulness as well as the homeostatic regulation of sleep. [25] [26] [27] Caffeine, the most widely used waking stimulant, is a nonselective adenosine receptor antagonist that increases wakefulness [28] [29] [30] and reverses the psychomotor impairment produced by sleep loss as well as the effect of central nervous system-depressant drugs. [31] [32] [33] [34] [35] [36] Caffeine is also an analgesic adjuvant for acute pain control. [37] [38] [39] [40] [41] No previous studies have examined whether preemptive administration of caffeine can counteract the negative impact of previous sleep loss on postoperative pain. Therefore, this study tested the hypothesis that caffeine administration at the onset of sleep deprivation blocks the increase in postoperative pain levels and duration caused by previous sleep deprivation (group 2 experiments).
The median preoptic nucleus (MnPO) is a key component of a neural circuit involved in sleep regulation, [42] [43] [44] and neurons within the MnPO project caudally to several sleep-and pain-related nuclei. [45] [46] [47] [48] [49] [50] [51] Adenosine neurotransmission in the preoptic hypothalamus contributes to promote sleep homeostatic responses after prolonged wakefulness. 44 Thus, a final set of experiments tested the hypotheses that microinjection of an adenosine A 2A receptor antagonist into the MnPO (1) prevents the increase in postoperative pain levels and duration caused by previous sleep deprivation (group 3 experiments) and (2) blocks the increase in nociception caused by sleep deprivation in nonoperated rats (group 4 experiments).
Statement of Significance
The mechanisms that regulate sleep-pain interactions are incompletely understood. This study demonstrates that a brief sleep disturbance prior to surgery worsens subsequent pain, which highlights the importance of preoperative sleep management in clinical settings. Additionally, this study is novel and translationally relevant in that it shows that caffeine administration at the onset of sleep deprivation can counteract the negative impact of sleep deprivation on surgical pain. The results also demonstrate that adenosine A 2A receptors in the median preoptic nucleus contribute to regulate sleep-pain interactions. Further work is required to identify the preoptic neurons and downstream connections involved in pain modulation as well as to assess the relevance of our findings in clinical perioperative care. Figure 1A illustrates the timeline used for these experiments. Male (n = 18) and female (n = 16) rats were conditioned for 14 days to the testing chambers and underwent baseline testing (day 15) before entering the experimental protocol. On the following day, rats were sleep deprived or allowed to sleep ad libitum for 6 hours (8:00 AM-2:00 PM). Thereafter, a surgical incision was made, and mechanical sensitivity was assessed between 1 and 2 hours after surgery and daily for the following 6 days. These experiments used a between-subject design to test the hypothesis that total sleep deprivation immediately prior to surgery worsens postoperative pain and prolongs recovery time. Based on previously published studies in rats 9 and mice, 52 we also hypothesized no sex differences in postoperative pain. Additionally, blood samples were collected under anesthesia prior to surgery and were used for subsequent analysis of hypothalamic-pituitary-adrenal axis responses to sleep deprivation.
Group 1 Experiments: Sleep Deprivation and Quantification of Postoperative Hypersensitivity

Group 2 Experiments: Intraperitoneal Caffeine Injection, Sleep Deprivation, and Quantification of Postoperative Hypersensitivity
The timeline for conditioning and baseline measurement of mechanical sensitivity was the same as the one described earlier for group 1 experiments. Male rats (n = 12) in this group were used in two sets of experiments separated by 1 week.
The first set of experiments tested whether caffeine injection causes prolonged antinociception. To this end, rats received an intraperitoneal injection of vehicle or caffeine (20 mg/kg in a volume of 1 mL), 29, 30 and measures of thermal nociception were obtained at 1 hours and at 1 day postinjection. The second set of experiments used a between-subject design to test the hypothesis that caffeine administration blocks the increase in postoperative pain levels and duration caused by previous sleep deprivation. Figure 1B shows the timeline of the experiments used to examine the effect of caffeine on postoperative mechanical hypersensitivity. Rats received an injection of vehicle (n = 6) or caffeine (n = 6) and were sleep deprived for 6 hours or an injection of caffeine (n = 6) followed by 6 hours of ad libitum sleep (8:00 AM-2:00 PM). Blood samples were collected under anesthesia prior to surgery and were used to determine whether caffeine increased neuroendocrine stress markers. Thereafter, a surgical incision was made and measures of mechanical sensitivity were obtained on postoperative days 1 to 6. Figure 1C shows the timeline used in group 3 microinjection experiments. Male rats (n = 18) were surgically prepared for drug microinjections into the MnPO. After recovery from surgery, rats were conditioned to the testing chambers for 10 days. Baseline nociceptive measures were obtained before microinjection experiments began. All microinjections were performed between 8:30 and 9:00 AM. In a between-subject design, rats received a microinjection of vehicle (n = 6) or drug (n = 6; ZM 241385; 50 pmol, 16.9 ng in 50 nl) solution and were sleep deprived during 6 hours or a microinjection of drug solution (n = 6) followed by 6 hours of ad libitum sleep. Thereafter, a surgical incision was made, and measures of mechanical sensitivity were obtained on postoperative days 1-6. These experiments tested the hypothesis that microinjection of ZM 241385 into the MnPO prevents the increase in postoperative nociceptive levels and duration caused by sleep deprivation. Figure 1D shows the timeline used in group 4 microinjection experiments. Male rats (n = 5) were surgically prepared for drug microinjections into the MnPO. After recovery from surgery, rats were conditioned to the testing chambers for 10 days. On the day of the experiment, rats underwent baseline nociceptive testing before microinjection experiments began. All microinjections were performed between 9:00 and 10:00 AM. Previous work demonstrated that thermal nociception is significantly increased after 2 hours of total sleep deprivation. 53 In a within-subject design, rats received a microinjection of: (1) vehicle solution and were allowed to sleep ad libitum during the intervals between nociceptive testing, (2) vehicle solution and were sleep deprived during 3 hours of nociceptive testing, and (3) the adenosine A 2A receptor antagonist ZM 241385 (50 pmol in 50 nl) and were sleep deprived during 3 hours of nociceptive testing. All nociceptive measures were obtained at 30, 60, 90, 120, 150 and 180 minutes postinjection. Intracerebral microinjections in each rat were separated by 1 week. These experiments tested the hypothesis that microinjection of ZM 241385 into the MnPO blocks the increase in nociception caused by sleep deprivation in intact, nonoperated rats.
Group 3 Experiments: Intracerebral Microinjections, Sleep Deprivation, and Quantification of Postoperative Hypersensitivity
Group 4 Experiments: Intracerebral Microinjections, Sleep Deprivation and Quantification of Thermal Nociception
Surgical Procedures
Incisional Pain Model
The surgical procedure was conducted according to the one originally described by Brennan and colleagues 24 except that, in an effort to minimize animal suffering, the plantaris muscle was left intact. Rats were anesthetized with 4-5% isoflurane (Hospira, Lake Forest, IL) in 100% oxygen. The delivered concentration of isoflurane was continuously measured by spectrometry using a Cardiocap™/5 (Datex-Ohmeda, Louisville, CO). Upon induction of anesthesia, rats were placed on a warm water-filled pad connected to a heat pump (Gaymar Industries, Orchard Park, NY), and isoflurane (2.5% for maintenance) was delivered during the remainder of the procedure via a Model 906 rat anesthesia mask (David Kopf Instruments, Tujunga, CA). The plantar surface of a hind paw was prepared in a sterile manner with a 10% povidone-iodine solution and the foot was inserted through a hole in a large sterile gauze. Thereafter, a 10-mm longitudinal incision was made using a number 10 scalpel blade, through the plantar skin and fascia, starting 5 mm from the heel and extending toward the toes. Gentle pressure was applied for 30 to 60 seconds for hemostasis, the wound margins were coapted with two sutures of 6-0 nylon, and covered with an antibiotic ointment containing polymixin B, neomycin, and bacitracin. For consistency, all incisions within the same group of experiments were made by the same investigator and were always performed in the left paw. After surgery, the delivery of isoflurane was discontinued, and the rats were allowed to recover in their home cages. The sutures were removed under brief isoflurane anesthesia on day 2 after surgery, immediately after nociceptive testing. Recovery from surgery was defined as the postoperative day at which the group mechanical threshold was not significantly different from baseline values.
Surgical Preparation for Drug Administration into the Median Preoptic Nucleus
Surgical implantation of a guide cannula for intracerebral microinjections was performed as described previously. 53, 54 Briefly, rats were anesthetized and placed in the stereotaxic apparatus. The skull was exposed and a microinjection guide cannula (8IC315GSP-CXC, Plastics One, Roanoke, VA) was aimed above the MnPO using the following stereotaxic coordinates: 0.0 mm in the anterior-posterior axis, 0.0 mm relative to the midline, and −7.5 mm dorsoventral relative to bregma. The guide cannula and four anchor screws (MPX-0080-02PC-C, Small Parts, Inc., Miami Lakes, FL or Amazon.com (Small Parts), # 0 x 1/8 SL FLT TY A S/S, Part #B000FN89DM) were fixed to the skull with dental acrylic (Lang Dental Manufacturing Company, Inc., Wheeling, IL). The delivery of the anesthetic vapor was discontinued, rats were removed from the stereotaxic apparatus, and kept warm using a heating lamp until full recovery. Analgesia was maintained with carprofen (5 mg/kg, subcutaneous) for a minimum of 48 hours after surgery. After recovery from surgery, rats were conditioned to being handled simulating a microinjection procedure and to the testing chambers for 10 days before experiments began.
Blood Sample Collection and Quantification of Corticosterone and Adrenocorticotropic Hormone Levels
Measures of the levels of corticosterone and adrenocorticotropic hormone were used to assess the response of the hypothalamic-pituitary-adrenal axis to sleep deprivation and caffeine administration. Immediately upon induction of anesthesia for a surgical incision, blood samples (0.10-0.20 mL) were obtained from the lateral tail vein. Samples were obtained between 2:00 and 3:00 PM, after the 6-hour ad libitum sleep or sleep deprivation period. A group of rats was subjected to acute immobilization before blood sample collection prior to euthanasia; these samples served as positive controls. In all cases, sample collection was completed within 90 seconds after induction of anesthesia. Stress hormonal levels have been reported to increase after 3 minutes of various handling procedures. 9, 55, 56 Samples were allowed to coagulate at room temperature for 45 minutes and were centrifuged at 10 000 rpm, for 10 minutes at 4°C. The serum was pipetted out and stored at −80°C until all the samples were collected and processed for analysis. At that time, samples were thawed and prepared following a protocol for the Milliplex Map Rat Stress Hormone Magnetic Bead Panel Kit (RSHMAG-69K, EMD Millipore, Billerica, MA).
Sleep Deprivation
In group 1, 2, and 3 experiments, rats remained in their home cages with free access to food and water and underwent total sleep deprivation for the initial 6 hours after lights-on. In group 4 experiments, rats were placed in the testing chambers and were sleep deprived for 3 hours after intracerebral microinjections. As described previously, 23, 53 wakefulness was maintained by gently tapping on the side of the cage and by tactile stimulation of the whiskers or tail. Auditory or tactile stimuli were applied whenever the animal appeared drowsy or every time a sleep attempt was observed. Rats were not handled by the investigators at any time during the sleep deprivation period and were never stimulated during spontaneous waking behaviors.
Intracerebral Microinjections
Rats were gently restrained for the microinjection and then placed back in their home cages for sleep deprivation in group 3 experiments or were placed in individual Plexiglas chambers and were allowed 20-30 minutes to habituate before the microinjection in group 4 experiments. Microinjections (50 nL) of vehicle control and drug solution were made using a Model 7001 microliter syringe (Hamilton Company, Reno, NV). The syringe was mounted in a manual microdrive and was connected to a microinjector (Internal Cannula 8IC315IXXXXC; 33-gauge, outer diameter = 0.20 mm, inner diameter = 0.10 mm; Plastics One, Roanoke, VA) by a piece of polyethylene PE-20 tubing (Thermo Fisher Scientific, Waltham, MA). The injection duration was 1 min, and the microinjector (8IC315IXXXXC) was removed from the guide tube 1 min after the injection procedure was completed.
Nociceptive Testing
All nociceptive measures were obtained by an investigator blinded to the treatment condition. Similar to humans, rats develop a relatively long-lasting hypersensitivity of the incised area and surrounding tissue that can be evoked by movement or by direct mechanical stimulation. Postoperative mechanical sensitivity (tactile allodynia) was assessed using the von Frey test (ascending method) expressed as the threshold for paw withdrawal in grams. 23, [57] [58] [59] This is a reliable method used by several independent groups for quantification of cutaneous mechanical hypersensitivity in rodent models of surgical pain 9,24,52,60-62 as well as for assessment of surgical pain in humans. [63] [64] [65] Rats were placed in individual Plexiglas testing chambers on an IITC von Frey mesh stand (Life Science Inc., Woodland Hills, CA) and were allowed 20-30 minutes to habituate before testing began. Calibrated von Frey filaments (2, 4, 6, 8, 10, and 15 g of pressure) were applied in ascending order perpendicularly to the plantar surface of the rat paw (Touch Test Sensory Evaluator, North Coast Medical Inc., Gilroy, CA). In the intact paw, stimuli were applied to the skin area near the heel. In the incised paw, stimuli were applied to the same skin area medial to the caudal end of the wound. Once the filament bent, it was held in position for 5 seconds or until a withdrawal occurred. Each filament was presented five times with a 1-minute interval between the stimuli. The same procedure was then repeated to test the contralateral paw. Positive responses included a brisk withdrawal of the hind paw away from the stimulus or a persistent flinching behavior upon removal of the stimulus. The threshold to paw withdrawal in response to mechanical stimuli was defined by the lowest tension in g that elicited three of five responses.
Paw withdrawal latencies (PWL) to noxious heat stimuli (thermal nociception) were measured using the Hargreaves' method. 66 This is a reliable method for testing the effect of drugs 53, 67, 68 and sleep deprivation 53 on nociception in rodents. As described previously, 23, 53 rats were placed in the Plexiglas testing chambers on a heated glass floor (IITC Plantar Analgesia Meter, Life Science Inc.). Radiant heat was applied by aiming a light beam through the glass floor to the plantar surface of a hind paw. The light was then switched from idle to active intensity (onset of thermal stimulus) until the paw was removed away from the heat source. The time in seconds between the onset of the thermal stimulus and paw removal corresponds to the paw withdrawal latency. Four latency values were obtained bilaterally, alternating the stimulus between hind paws. A cutoff time of 15 seconds was set to prevent tissue damage. Measures of thermal nociception were used to test whether (1) systemic caffeine administration had a persistent analgesic effect and (2) microinjection of ZM 241385 blocked the thermal hyperalgesia caused by sleep deprivation in non-operated rats. Responses to thermal nociceptive testing were expressed as paw withdrawal latencies in seconds for within-group comparisons (i.e., relative to baseline) or as percentage change from preinjection baseline values (percentage of maximum possible effect, %MPE 69 ) for between-group comparisons. The %MPE was calculated using the following formula: %MPE = (postinjection PWL − baseline PWL)/(cut-off time − baseline PWL) × 100. Positive or negative %MPE values reflect decreased or increased thermal nociception, respectively.
Histological Localization of Microinjection Sites
After the last experiment, rats were deeply anesthetized and decapitated. Brains were removed, frozen and 40-μm coronal sections containing the preoptic region were cut in a cryostat (Leica Microsystems, Nussloch, Germany). Sections were slide mounted, dried, fixed with hot paraformaldehyde vapor, and stained with cresyl violet. Sections containing microinjection sites were digitized and the stereotaxic coordinates were defined by comparison with images from a rat brain atlas. 70 
Statistical Analysis
Statistical tests were performed using PRISM v6.01 (Graph Pad Software, La Jolla, CA), with input from the University of Michigan Consulting for Statistics, Computing and Analytics Research. All data were tested for normality. Data were analyzed using inferential and nonparametric statistics and are reported as mean ± standard error of the mean (SEM). A p value less than .05 was considered statistically significant. Differences in postoperative mechanical sensitivity were evaluated by a repeated measures two-way analysis of variance (ANOVA) followed by a multiple comparisons Tukey procedure. Postoperative mechanical thresholds were averaged across time (across all 6 postoperative days), and the means were assessed using a twotailed Mann-Whitney sum rank test or a one-way ANOVA and Tukey post hoc test. The effects of sleep deprivation and caffeine on adrenocorticotropic hormone and corticosterone levels were also evaluated by a two-tailed unpaired t-test with Welch's correction. Drug effects (systemic caffeine and ZM 241385 microinjection into MnPO) on the time course of paw withdrawal latencies to thermal stimuli in nonoperated animals were assessed using a two-way ANOVA and Tukey post hoc test. Last, a repeated measures one-way ANOVA followed by a Tukey test adjusted for multiple comparisons was used to compare mean paw withdrawal latencies to thermal stimuli (expressed as %MPE) after sleep deprivation and ZM 241385 administration into the MnPO. Figure 2 shows the mechanical thresholds in the incised paw of male and female rats that were sleep deprived or allowed to sleep ad libitum prior to surgery. Figure 2A illustrates the time course of mechanical sensitivity in male rats during 6 days after surgery. Two-way ANOVA revealed a significant effect of treatment (F = 23.78; df = 1,128; p < .0001) and time (F = 22.35; df = 7,128; p < .0001). There was no significant treatment by time interaction. Post hoc tests revealed that, relative to baseline values, a surgical incision through skin and fascia caused a significant reduction in the thresholds to mechanical stimulation. Relative to the ad libitum sleep group (n = 9), acute sleep deprivation (n = 9) significantly extended the time to recovery from mechanical hypersensitivity after surgery (day 2 versus day 5; Figure 2A ). Figure 2B plots the thresholds averaged across postoperative days 1 to 6 for all rats and shows that sleep deprivation prior to surgery significantly (p = .0066) reduced the mechanical threshold (i.e., increased hypersensitivity). The time course of postoperative mechanical thresholds in female rats is shown in Figure 2C . Two-way ANOVA indicated a significant effect of treatment (F = 60.72; df = 1,112; p < .0001), time (F = 50.51; df = 7,112; p < .0001) and treatment by time interaction (F = 3.64; df = 1,112; p = .0014). Relative to the ad libitum sleep group (n = 8), sleep deprivation (n = 8) delayed recovery time after surgery (day 3 versus day 5; Figure 2C ). Figure 2D plots the mean mechanical threshold by group averaged across days 1-6 and shows that sleep deprivation caused a significant (p = .0002) increase in surgically induced hypersensitivity in females. Surgery did not alter the withdrawal threshold to mechanical stimulation in the paw contralateral to the incision in either sex (data not shown). There were no significant differences in basal responses to mechanical stimulation as well as in hypersensitivity levels after surgery between males and females. In the ad libitum sleep group, the mean ± SEM values in males versus females (average of 6 postoperative days) were: 10.80 ± 0.81 versus 10.20 ± 0.27, respectively (p = .7949). In the sleep deprivation group, mean ± SEM values of males and females (average of 6 postoperative days) were: 7.70 ± 0.68 versus 6.70 ± 0.61, respectively (p = .3328). All the wounds healed completely within 4-6 days, with no differences between treatment conditions. 
RESULTS
Preoperative Sleep Deprivation Enhanced Mechanical Hypersensitivity and Prolonged Recovery Time After Surgery
Preemptive Caffeine Administration Prevented the Increase in the Levels and Duration of Mechanical Hypersensitivity Caused by Prior Sleep Deprivation
This part of the study investigated whether systemic caffeine administration causes a persistent antinociceptive effect. Figure  4 shows the effect of caffeine injection on the latencies to paw withdrawal in response to noxious thermal stimuli. Two-way ANOVA revealed a significant main effect of drug treatment (F = 10.57; df = 1,66; p = .0018) and Condition × Time interaction (F = 6.42; df = 2,66; p = .0028). A Tukey post hoc test showed that vehicle injection (n = 6) did not significantly alter paw withdrawal latencies. Relative to baseline, caffeine administration (n = 6) significantly (p = .0096) increased paw withdrawal latency at 1 hour postinjection; this increase was also significantly different (p = .0004) from the withdrawal latency at 1 hour after vehicle injection. There was no difference (p = .4999) in the latencies at 1 day after vehicle and caffeine injection. Figure 5 depicts the withdrawal thresholds in response to mechanical stimulation of the incised paw in male rats that received an injection of caffeine (n = 6) or vehicle (n = 6) and underwent total sleep deprivation, or an injection of caffeine (n = 6) and were allowed to sleep ad libitum prior to surgery. Two-way ANOVA indicated a significant main effect of caffeine administration (F = 11.88; df = 2,10; p < .0023), time effect (F = 15.83; df = 6,30; p < .0001) and a significant effect of treatment by time interaction (F = 3.89; df = 12,60; p = .0002). Caffeine administration Figure 2 -Acute, preoperative sleep deprivation worsened cutaneous mechanical hypersensitivity after surgery. The threshold to mechanical non-noxious stimulation (von Frey) was assessed over the course of 6 days after a surgical incision in the left hind paw of male (A) and female (C) rats. Relative to control, acute sleep deprivation prior to surgery significantly prolonged the time to recovery from postoperative hypersensitivity. Mean mechanical thresholds from male (B) and female (D) rats averaged across the 6-day postoperative period show that previous sleep deprivation significantly enhanced mechanical hypersensitivity after surgery. Asterisks (*) in panels A and C indicate significant differences from baseline levels, and hash symbols in C (#) indicate significance differences between sleep deprivation and control groups. Abbreviations: Ad Lib Sleep, ad Libitum sleep; BL, baseline; Sleep Dep, sleep deprivation.
reduced the time to recovery from mechanical hyperalgesia after surgery from 5 days in the vehicle + sleep deprivation group to 3 days in the caffeine + sleep deprivation group ( Figure 5A ). Figure  5B plots the mechanical thresholds averaged for each group across days 1 to 6 after surgery and shows that, relative to vehicle + sleep deprivation, caffeine injection significantly (p = .0143) reduced postoperative mechanical hypersensitivity. Relative to caffeine + sleep deprivation, the time to recovery ( Figure 5A ) and average hypersensitivity levels ( Figure 5B ) in the caffeine + ad libitum sleep group were not significantly different. Additionally, there was no significant difference (p = 0.1510) in mean threshold levels (averaged across postoperative days 1-6) between caffeine + ad libitum sleep and the control ad libitum sleep group reported in Figure 2 . Power calculations showed that 31 rats per group would be required to achieve adequate power (80%) to detect a significant difference (2 tails; α = 0.05) in mean thresholds between these two groups. Mean corticosterone levels in the caffeine (+ sleep deprivation) group were 95.40 ± 25.94 ng/mL; there was no significant difference relative to ad libitum sleep (p = .6434) or sleep deprivation (p = .3121) levels. Figure 6 illustrates the effect of ZM 241385 on postoperative mechanical hypersensitivity in rats subjected to sleep deprivation or allowed to sleep ad libitum prior to surgery. Three of the 18 rats implanted with microinjection guide tubes were excluded from the analysis (1 from vehicle + sleep deprivation group and 2 from ZM 241385 + ad libitum sleep group) because the microinjection sites were not localized to the MnPO. Figure  6A shows the time course of mechanical sensitivity during 6 days after surgery. Postoperative hypersensitivity in the vehicle + sleep deprivation group resolved on day 5 (same as sleep deprivation groups shown in Figures 2A and 5A) , contrasting with the 2-day recovery period after ad libitum sleep in males (Figure 2A ). Two-way ANOVA revealed a significant effect of treatment (F = 18.32; df = 2,84; p < .0001), time (F = 72.72; df = 6,84; p < .0001) and Treatment ×Time interaction (F = 3.334; df = 12,84; p = .0005). Post hoc tests revealed that, relative to the vehicle injection + sleep deprivation group (n = 5), ZM 241385 + sleep deprivation (n = 6) significantly reduced the time to recovery from mechanical hypersensitivity after surgery (day 3 versus day 5). Figure 6B plots the thresholds averaged across postoperative days 1-6 and shows that, relative to vehicle + sleep deprivation, ZM 241385 administration before sleep deprivation significantly (p = .0199) reduced mechanical hypersensitivity. Relative to ZM 241385 + sleep deprivation, the time to recovery ( Figure 6A ) and average hypersensitivity levels ( Figure 6B ) in the ZM 241385 + ad libitum sleep group (n = 4) were not significantly different. There was no significant difference (p = .7413) in mean threshold levels (averaged across postoperative days 1 to 6) between ZM 241385 + ad libitum sleep and the control ad libitum sleep group shown in Figure 2 . Power calculations indicated that 617 rats per group would be required to achieve adequate power (80%) to detect a significant difference (2 tails; α = 0.05) in mean thresholds between these two groups. Figure 7A shows the time course of %MPE during 3 hours after a microinjection of the adenosine A 2A receptor antagonist ZM 241385 into the MnPO as a function of sleep, drug, and time (n = 5 rats). Two-way ANOVA indicated a significant drug effect (F = 45.58; df = 2,162; p < .0001). There was no postinjection time effect or Treatment Condition ×Time interaction. Post hoc tests revealed that (1) relative to control (vehicle injection + ad libitum sleep), sleep deprivation significantly decreased %MPE (i.e., increased thermal nociception) and (2) microinjection of ZM 241385 into the MnPO blocked the decrease in %MPE caused by sleep deprivation. Figure 7B plots %MPE values averaged across the 3-hour period after microinjection into the MnPO. Repeated measures one-way ANOVA revealed All microinjection sites included in the analysis of group 3 and group 4 experiments were within the MnPO (Figure 8 ). Histologic analysis indicated that the average stereotaxic coordinates 70 in mm for these microinjection sites were 0.1 ± 0.03 anterior to bregma, 0.0 ± 0.01 from the midline, and −6.9 ± 0.12 below the skull surface.
Microinjection of the Adenosine A 2A Receptor Antagonist ZM 241385 into the Median Preoptic Nucleus Prevented the Increase in Postoperative Nociception Caused by Previous Sleep Deprivation
Administration of ZM 241385 into the Median Preoptic Nucleus Blocked Thermal Hyperalgesia Induced by Sleep Deprivation in Nonoperated Rats
DISCUSSION
The present study showed that a brief period of extended wakefulness prior to surgery, which did not activate the hypothalamic-pituitary-adrenal axis, increased the levels and duration of postoperative hypersensitivity in a rat model of surgical pain. Preemptive caffeine administration prevented the increase in the levels and duration of postoperative hypersensitivity caused by previous sleep loss. In addition, administration of an adenosine A 2A receptor antagonist in the MnPO blocked the increase in nociception induced by sleep deprivation in operated and nonoperated rats. These results identify a brain region, neurotransmitter, and receptor mechanism that might contribute to regulate the relationship between sleep, wakefulness, and pain.
Role of Previous Sleep Loss in Postoperative Pain
There are more than 200 million major surgeries performed worldwide each year, 71 and postoperative pain control remains a serious challenge. 1 Moderate to severe pain during the immediate postoperative period is reported in approximately 80% of patients, the majority of whom still experience pain at discharge. 72, 73 Furthermore, 10-50% of patients report chronic pain after surgery, 2,3 and up to 5-10% suffer severe, intractable chronic postsurgical pain 1 year after surgery. 5 Understanding the factors and mechanisms that contribute to acute and chronic postoperative pain is a critical step toward improving acute pain management after surgery and for prevention of chronic pain derived from surgical procedures. Insufficient sleep is a growing public health problem 15, 16 and previous studies suggest that perioperative sleep disturbances strongly predict the onset of chronic postoperative and trauma-associated pain. 4, [11] [12] [13] [14] The results obtained in this study demonstrate that a brief period of extended wakefulness immediately prior to surgery enhances postoperative nociception (Figure 2 ). This finding is consistent with abundant evidence from human [74] [75] [76] [77] [78] [79] [80] [81] [82] and preclinical 22, 53, [83] [84] [85] studies showing that disrupted sleep exacerbates acute and chronic pain. In the current study, preoperative sleep loss caused a twofold increase in the time to recovery from mechanical hypersensitivity after surgery (Figure 2) . Accordingly, previous work demonstrated that sleep disruption that occurs prior to pain onset can prolong the duration of evoked nociceptive behaviors in rodent models of musculoskeletal 22 and inflammatory pain. 23 Together, this evidence and the results illustrated in Figure 2 provide additional support to the notion that sleep loss increases pain and can potentially contribute to the development of chronic pain.
Sex-related differences in pain 55, [86] [87] [88] [89] [90] and sleep [91] [92] [93] [94] are well known. Furthermore, human data demonstrate that women are more susceptible than men to develop diffuse pain symptoms after a brief period of sleep restriction. 76 In this study, however, there were no sex-dependent differences in baseline mechanical thresholds as well as in the duration and levels of mechanical hypersensitivity after surgery. The underlying causes of the discrepancy between our results and the evidence reviewed above are unknown. Pain sensitivity has been shown to vary significantly as a function of ovarian hormone levels and the reproductive cycle in both humans [95] [96] [97] [98] [99] and rodents. 90, [100] [101] [102] An acknowledged limitation of our experiments is that we did not assess estrous cycle stages in female rats. Thus, a between-subject asynchrony in the estrous cycle of the females used in this study may account for the negligible sex differences observed in postoperative nociceptive responses. Also, female mice subjected to a chronic sleep restriction protocol had their estrous cycle disrupted and exhibited an anestrous phase throughout the protocol. 90 Low estradiol levels have been suggested as a potential mechanism for the hyperalgesic effect of chronic sleep loss. 90 Altered ovarian hormone production and/or release caused by a combination of sleep deprivation, anesthesia, surgery, and persistent pain cannot be ruled out in the present study. Importantly, previous reports also revealed no sex-related differences in incisional pain measures in mice 52 and rats. 9 Taken together, this evidence suggests that identical nociceptive responses among males and females may be one constant feature in all rodent models of incisional pain.
Sleep disruption in mammals is a stressor. As such, sleep disruption induces the activation of the hypothalamic-pituitary-adrenal axis (i.e., stress response) in humans [103] [104] [105] and rodents. 106, 107 Rapid eye movement (REM) sleep restriction for 3 consecutive days before surgery increases the time to recovery from postoperative hypersensitivity in rats. 9 Consistent with evidence indicating that REM sleep deprivation is a stressor, 90, [108] [109] [110] Wang et al. 9 showed that REM sleep restriction increases neuroendocrine and behavioral stress markers. Additionally, these authors 9 demonstrated that corticosterone release worsens postsurgical hypersensitivity by reducing the levels of spinal opioid receptors. These data support the interpretation that preoperative stressors contribute to worsen postsurgical hypersensitivity. Several lines of evidence suggest that the stress response to experimental sleep disruption in rodents vary as a function of the method employed and the duration of the deprivation period. 90, [110] [111] [112] [113] [114] [115] In the present study, 6 hours of sleep deprivation did not alter corticosterone and adrenocorticotropic hormone levels relative to the control ad libitum sleep condition (Figure 3 ). These data are consistent with studies showing that acute sleep deprivation, especially after sleep deprivation achieved by methods that do not include animal handling, 112, 113 does not significantly increase stress hormone levels. An enriched environment can also contribute to prevent the increase in stress hormone levels. Biting and chewing behaviors has been shown to significantly reduce plasma corticosterone and catecholamine levels as well as anxiety-like behaviors in rats. 116 Free access to abundant nesting materials and wooden blocks during sleep deprivation in the current study facilitated such stress-coping behaviors that, perhaps, mitigated the increase in stress hormone levels induced by sleep loss. The results reported here suggest that preoperative sleep loss can enhance postsurgical nociception via mechanisms that are independent of the stress response inherent to virtually all sleep disturbances. The mechanisms by which disturbed sleep increases levels and duration of nociception remain to be elucidated.
Caffeine Prevented the Negative Impact of Previous Sleep Loss on Mechanical Hypersensitivity after Surgery
A novel finding of this study was that systemic administration of caffeine blocked the increase in mechanical hypersensitivity caused by preoperative sleep deprivation. Caffeine diminishes the electroencephalographic markers of sleep propensity during extended wakefulness as well as the vigilance and motor impairment caused by sleep deprivation. 31, 36, 117, 118 To date, no previous studies have examined whether caffeine can counteract the deleterious effects of sleep loss on pain. The antinociceptive effect of caffeine did not persist at 24 hours after drug injection (Figure 4 ). The duration of the antinociceptive effect of caffeine reported here is consistent with the time course of its arousal-stimulating effects in rats. 29, 30 Preemptive caffeine administration prevented the increase in the levels of and time to recovery from mechanical hypersensitivity caused by preoperative sleep deprivation ( Figure 5 ). The finding that caffeine did not significantly alter corticosterone levels contrasts with previous reports showing that caffeine increases hormonal stress markers in rats, albeit at higher doses than the one used in the current study or after prolonged administration. [119] [120] [121] Together, these data suggest that the reduction in levels and duration of postoperative hypersensitivity is neither due to a long-lasting antinociceptive effect of caffeine nor due to caffeine-induced changes in corticosterone levels. The consistent time to recovery after surgery and mean thresholds in caffeine + sleep deprivation, caffeine + ad libitum sleep ( Figure 5A and 5B), and the ad libitum sleep data shown in Figure 2 suggest that caffeine can reduce postoperative pain only in those rats subjected to sleep deprivation prior to surgery. These data are congruent with the hypothesis that caffeine reduces postoperative pain by adenosine-dependent mechanisms. Current research in our laboratory aims to identify specific neuronal mechanisms underlying the effects of caffeine on postoperative hypersensitivity.
Adenosine A 2A Receptors in the Preoptic Hypothalamus Regulate the Increase in Pain Caused by Sleep Disruption in Operated and Pain-Free Rats
Caffeine is a nonselective adenosine receptor antagonist, 122 and adenosine neurotransmission plays a key role in sleep regulation. [25] [26] [27] The preoptic hypothalamus contains neurons that regulate arousal states of sleep [42] [43] [44] [123] [124] [125] [126] [127] [128] and anesthesia. [129] [130] [131] During prolonged wakefulness, discharge rates of sleep-active neurons within the MnPO reflect a progressive increase in homeostatic sleep pressure. 42, 44 Microdialysis delivery of an adenosine A 2A receptor antagonist suppresses the increase in discharge rates of preoptic neurons caused by sleep deprivation. 44 Administration of an adenosine A 2A receptor agonist into the ventricles, or directly in the lateral preoptic regions, increases sleep and activates preoptic GABAergic neurons. 128, [132] [133] [134] Anatomical studies revealed that neurons within the MnPO project caudally to several sleep-and pain-related sites such as the ventrolateral periaqueductal gray, locus coeruleus, oral pontine reticular nucleus, and rostral ventromedial medulla. [45] [46] [47] [48] [49] [50] [51] Based on the foregoing evidence, we propose that a descending pathway originating in the MnPO can mediate, at least in part, the increase in pain induced by extended wakefulness or sleep deprivation. We thus hypothesized that adenosine A 2A receptors in the MnPO are a potential mechanism by which caffeine prevented the increase in postoperative pain brought about by prior sleep deprivation ( Figure 5 ). The present data showing that microinjection of ZM 241385 into the MnPO suppressed the increase in surgical pain caused by sleep deprivation (Figure 6 ), and the homology in the time course of nociceptive responses after ZM 241385 and caffeine injection, are consistent with this hypothesis. Additional studies are needed to confirm whether systemically administered caffeine reduces postsurgical pain by blocking adenosine A 2A receptors in the MnPO. Similar to caffeine, ZM 241385 + sleep deprivation, ZM 241385 + ad libitum sleep ( Figure 6A and B), and the ad libitum sleep data plotted in Figure 2 had the same recovery time and mean threshold levels. These data demonstrate that ZM 241385 exclusively reduced pain in rats that underwent sleep deprivation before surgery and lend additional support to the hypothesis that this effect is mediated by adenosine receptors in the MnPO.
Consistent with previous studies showing that sleep disruption causes thermal hyperalgesia, 53,81 3 hours of sleep deprivation increased thermal nociception (Figure 7) . Administration of an adenosine A 2A receptor antagonist into the MnPO blocked the decrease in the threshold to thermal nociception induced by sleep deprivation (Figure 7 ). These data support the interpretation that adenosine A 2A receptors in the MnPO mediate the increase in pain caused by acute sleep loss in intact, pain-free animals. Moreover, central adenosine A 2A receptors play a role in neuroinflammation, [135] [136] [137] [138] [139] and sleep disruption increases central and peripheral inflammatory markers. 80, [140] [141] [142] [143] Sleep restriction increases pain ratings in adult healthy volunteers through elevation in plasma levels of the proinflammatory cytokine interleukin-6. 80 
Limitations and Conclusions
A limitation of the present study is that we did not test if preemptive caffeine injection is effective in rats subjected to chronic caffeine intake. Future studies can address this limitation as well as determine whether caffeine given immediately after emergence from anesthesia can counteract the effect of previous sleep disruption on surgical pain. Another limitation is that the current experiments did not examine the role of adenosine A 1 receptors in the MnPO. Activation of A 1 receptors in lateral preoptic regions induces wakefulness. 133, 144 Therefore, it is reasonable to assume that A 1 and A 2A receptors are expressed in different preoptic neurons (i.e., A 1 receptors are likely expressed in wakefulness-promoting ones). Further studies are needed to clarify the role of MnPO A 1 receptors in sleep-pain interactions.
The data presented here suggest that acute sleep disruption prior to surgery worsens pain and may contribute to persistent postoperative pain. Our current results thus emphasize the potential relevance of preoperative sleep management in clinical care. The finding that caffeine can improve pain-related outcomes has potential translational value and merits further testing and validation in preclinical and clinical studies. In addition, these data support the use of the rat model of surgical pain 24 for studying the mechanisms underlying the relationship between sleep disturbances and surgical pain. The results also suggest that adenosine neurotransmission in the MnPO contributes to regulate the interaction between sleep and pain. These data provide novel insights by identifying one potential brain region and neurotransmitter mechanism by which sleep deprivation increases pain. The emerging results encourage future studies to determine whether neural circuits that regulate sleep homeostasis alter nociception by direct interactions with downstream regions (periaqueductal gray and rostral ventromedial medulla) involved in top-down pain modulation.
